In the Republic of Korea (South Korea), many high-yielding rice cultivars, called 'Tongil-type short-culmed (TG) cultivars', were developed by indica-japonica hybridizations in the 1970s-1990s. The TG cultivars all show a long basic vegetative growth (BVG) period and low photoperiod sensitivity (PS). Such a combination of BVG period and PS, similar to those of modern indica cultivars for the low latitudes, was absent either among Korean or among Japanese japonica cultivars. Subsequent genetic analysis revealed that the long BVG period of the TG cultivars was due to the allelic constitution between the early heading time gene lh(t) and a non-functional allele at the Se1 locus. The low PS of the TG cultivars was conferred by this allele. Sequence analysis showed that the non-functional allele harbored a 4-bp deletion in exon 2, compared with the functional allele Se1-n of the rice cultivar 'Nipponbare', and differed in sequence from the known nonfunctional allele Se1-e. We designated this novel allele as Se1-k. Also lh(t) was found to be a novel gene located on chromosome 8. We designated this gene as lh4 at the Lh4 locus (Late heading-4). Since both Se1-k and lh4 were not detected in japonica cultivars, it was considered that these two alleles were derived from an indica cultivar(s) used as cross parent(s).
Introduction
In the Republic of Korea (South Korea), a number of high-yielding rice cultivars, designated as 'Tongil-type short-culmed (TG) cultivars', were developed by indicajaponica hybridizations during the 1970s-1990s. Since the TG cultivars carry the semidwarfing gene d47 (later renamed sd1: semidwarf 1), they exhibit a high lodging resistance and produce a much higher grain yield in response to the application of a larger amount of chemical fertilizer (Choi et al. 1974) . Also they show a high rice blast and stripe virus resistance. Due to such favorable traits, the TG cultivars became widely used commercially and they dramatically enhanced rice productivity in South Korea. However, it should be noted that the improvement of the flowering time (heading time) also played a key role in the high-yielding potential of the TG cultivars.
As indicated by many researchers, heading time is closely associated with the regional adaptability of rice cultivars (Okumoto et al. 1991 , 1992a , 1992b , 1996 , Tanisaka et al. 1992 , Ichitani et al. 1997 . The wide commercial use of the TG cultivars certainly depended on the heading time that was well adapted to the climatic conditions prevailing in South Korea. However, information about the heading time genes of the TG cultivars is limited.
According to Vergara and Chang (1985) , preflowering development of rice is divided into three phases: basic vegetative growth phase insensitive to photoperiod (BVP), photoperiod-sensitive phase (PSP) and reproductive phase insensitive to photoperiod (RP). The duration of the first two phases displays intervarietal variation, while that of the third is almost constant (ca. 30 days) among cultivars. PSP may be completely eliminated under optimum photoperiod. On the basis of these findings, heading time of rice is considered to be chiefly determined by the duration of the basic vegetative growth period (BVG period, nearly equal to the duration of BVP plus that of RP) expressed by days to heading (DH) under optimum photoperiod and photoperiod sensitivity (PS) expressed by the difference in DH between the long and optimum photoperiods (Hosoi 1981 , Tanisaka et al. 1992 .
Since in rice, conventional genetic analyses of heading time have been extensively conducted, as many as 23 heading time loci have been identified (Tsai 1986 , Poonyarit et al. 1989 , Yokoo and Kikuchi 1992 , Ichitani et al. 1998 . In addition, more than 10 quantitative trait loci (QTLs) for heading time were reported (Yano et al. 1997 . Among the heading time loci, three photoperiod sensitivity loci, Se1 (Photosensitivity-1), E1 (Heading date-1) and Se9 (Photosensitivity-9), and one basic vegetative growth locus, Ef1 (Earliness-1), are known to be involved in the regional differentiation of Japanese rice cultivars (Tsai 1986 , Yokoo and Kikuchi 1992 , Ichitani et al. 1998 .
In the present study, we first estimated the BVG period and PS of the TG cultivars. Since the combination of these two traits proved to be unique, we conducted a genetic analysis for heading time of some of the TG cultivars. As a result, we identified two genes responsible for the unique combination.
Materials and Methods

Analysis of heading response to delayed sowing in the field
Forty-four Korean cultivars, viz. 26 TG and 18 japonica (JT) cultivars (Table 1) were supplied by the Youngnam Crop Experimental Station, Korea, in 1984. These cultivars and 16 Japanese japonica (JP) cultivars (Table 2) 4 were suitable for the Hokkaido region (42-45°NL), 10 for the Tohoku-Hokuriku region (35-42°NL), and 2 for the Southwest warm region (30-35°NL). Germinated seeds were sown in nursery beds in a greenhouse. Seedlings were transplanted in a paddy field 30 days after sowing by using a randomized block design with two replications (10 plants/plot). Fertilizers, namely N, K 2 O and P 2 O 5 , were applied at the rates of 6, 9 and 9 kg/10a, respectively, and plant spacing was 10 by 30 cm. Heading time was recorded for each plant when the first panicle emerged from the sheath of the flag leaf.
Estimation of BVG period and PS
Seeds of 26 TG, 18 JT and 16 JP cultivars were disinfected by soaking in a benlate-methyl-1-[(buthylamino)carbonyl]-H-benzimidazol-2-ylcarbamate-solution (diluted with water to 1000-fold) at 20°C for 24 h, and were pre-germinated by soaking in water at 30°C for 2 days. Ten seeds sown on field soil in a 3.6-l pot were covered with granulated soil. Seedlings were thinned to 5 plants per pot at 14 days after sowing. All the tillers, except for the main culm, were cut off whenever they reappeared. Hyponex solution (20 ml) at a 0.2% (w/v) concentration per pot was applied as an additional fertilizer every other week.
Two photoperiods, 10 h and 15 h, beginning at the sowing date, were used. Photoperiod treatments were applied in two growth cabinets under natural temperature. BVG period was expressed by DH under a 10 h photoperiod (optimum photoperiod). PS was expressed by the difference in DH between the 10 h and 15 h photoperiods. Two pots for each line were subjected to each photoperiod. In addition to natural daylight (8:00-18:00), supplementary artificial light from incandescent lamps (3.24 Wm −2 at the surface of soil) were used for the 15 h photoperiod treatment. The experiment was conducted from May 10 to early October 2004.
Allelism test
Two TG and two JT cultivars were each crossed with two isogenic lines for the Se1 locus, ER and LR, with the genetic background of the Japanese cultivar 'Fujisaka 5': ER carried Se1-e derived from 'Fujisaka 5', whereas LR carried Se1-u derived from the indica cultivar 'Morak Sepilai' (Yokoo and Kikuchi 1978) . The 
Sequence analysis
Sequence analysis of the Se1 locus in the TG cultivar 'Milyang 21' was performed by using several primer pairs designed from Se1-n (a functional allele at the Se1 locus = Hd1 locus) genomic sequence of the cultivar 'Nipponbare' in the DDBJ database (Accession No. AB041837). Total DNA was extracted from fresh leaves (about 100-200 mg) for each plant, according to the method of Komari (1989) with slight modifications. After PCR amplification, the products were separated by electrophoresis on a 2% agarose gel, and then the DNA fragments were purified from agarose gel using the Qiaquick Gel Extraction kit (QIAGEN Sciences, USA). The purified DNA fragments were sequenced using a DYEnamic ET terminator cycle sequencing kit (Amersham Biosciences Corp., USA) and an ABI 310 DNA sequencer (Perkin Elmer, USA). As a result, 'Milyang 21' was found to harbor a 4-bp deletion at its Se1 allele. Then we designed a specific primer pair, Se1_U8 (5′-GCTCAGGTACAGGG AGAAG-3′) and Se1_L8 (5′-AACGGCCCTTGATCC-3′), for the deletion, and examined whether the other TG cultivars harbored it. The 10 µl reaction solution contained 1µl template DNA, 10 × PCR buffer, 25 mM MgCl 2 , 2 mM of each dNTP, 0.1 µl Taq DNA polymerase (5 U/µl), 2 µl of a 2.5 mM solution of each primer, 1 µl 1% Tween 20, and 0.6 µl H 2 O. The reaction program was as follows: 94°C for 5 min, followed by 35 cycles (0.5 min at 95°C, 0.5 min at 55°C, 0.5 min at 72°C) with a final extension of 7 min at 72°C. To detect polymorphism, the amplified products were separated by electrophoresis for 2 h on a 12% acrylamide gel with 0.4% bis-acrylamido.
Linkage analysis
Allelism test showed that the TG cultivars carried an early heading time gene non-allelic to the Se1 allele. Then we conducted a linkage analysis for this gene using SSR markers. In the analysis, the Se1-u homozygous group of the F 2 population from the LR/Milyang 21 cross was used. The allelic constitution of the Se1 locus was determined by the presence or absence of the 4-bp deletion at the Se1 allele, because Se1-u in LR did not harbor the 4-bp deletion, unlike a non-functional allele in Milyang 21.
Results
Heading response to the delay of sowing in the field
A total of 60 cultivars, 26 TG (TG group), 18 JT (JT group) and 16 JP (JP group) cultivars, were planted in three cropping seasons to investigate their heading response to the delay of sowing. In Kyoto, since the photoperiod becomes shorter after the end of June, the photoperiod-sensitive cultivars showed a reduction of DH with the delay of sowing. For DH in the 1st season (hereafter referred to as 1DH), the TG cultivars all showed a medium value (range: 92-110 days) among the cultivars used (Fig. 1) . The variation of 1DH was far smaller in the TG group than in the JT group (range: 89-126 days) and in the JP group (range: 82-125 days). All the TG cultivars failed to display marked seasonal fluctuations in DH, while the majority of the other cultivars showed a marked reduction of DH with the delay of sowing (data not shown).
The relationship of 1DH and the regression coefficient (RC) of DH on the delayed days of sowing is depicted in Fig. 1A . Absolute value of RC corresponded approximately to the degree of PS: a low RC value corresponded to a low PS and a high RC value to a high PS (Katayama 1964a (Katayama , 1964b . The TG cultivars all showed low RC values in common, and the differences in the RC values in the TG group were far smaller than those in the other two groups. In the JT and JP groups, there was a highly positive correlation between 1DH and RC (r = 0.927**). These results suggested that the earliness of the TG cultivars was chiefly determined by the BVG period, while that of the JT and JP cultivars, by the degree of PS.
Estimation of BVG period and PS
Subsequently, we estimated the BVG period and the degree of PS of all the cultivars based on growth cabinet experiments. As shown in Fig. 1B , almost all the TG cultivars exhibited a much longer BVG period (range: 61.7-96.7 days) than the JT and JP cultivars (range: 44.0-61.3 days), although there was a distinct intervarietal difference. Among the TG cultivars, although 'Saetbyeol' showed a much longer BVG, there was no clear relationship between the BVG period and 1DH in the TG group.
Intervarietal variation of PS in the TG group was not as large (range: 0.8-27.0) as that in the other two groups (range for JT: 12.2-80.7, range for JP: 0.0-75.9) (Fig. 1C) . In the TG group, no correlation between PS and 1DH was observed, while in the other groups, there was a highly positive correlation (JT group: r = 0.909**, JP group: r = 0.881**). It was also revealed that 'Saetbyeol' with an extremely long BVG period completely lost PS. Thus, in the growth cabinet experiment, it was confirmed that the TG cultivars showed a long BVG period and low PS in common. Such a unique combination of BVG period and PS was absent either among the JT or among the JP cultivars. In addition, there was a highly positive correlation (r = 0.794**) between RC and PS when all the cultivars were pooled, suggesting that RC could be used as an approximate estimate of PS (Fig. 2) .
Genetic analysis of heading time of Korean cultivars
To identify the heading time gene(s) responsible for the unique combination of the BVG period and PS, two TG cultivars ('Milyang 30' and 'Milyang 21') and two JT cultivars ('Dobong' and 'Nongbaeg') were crossed with ER and LR, and the F 2 populations were subjected to a genetic analysis for heading time. Among 26 TG cultivars (means of BVG period and PS were 74.4 days and 16.1, respectively), 'Milyang 30' and 'Milyang 21' showed an intermediate BVG period (79.2 and 78.1 days, respectively) and intermediate PS (16.8 and 6.3, respectively). 'Dobong' and 'Nongbaeg' showed a short BVG period (57.9 and 50.8 days, respectively) and intermediate PS (15.9 and 21.4, respectively).
Two F 2 populations of the LR/Nongbaeg and LR/ Dobong crosses both showed a bimodal distribution without any transgressive segregants, revealing the existence of one locus segregation (Fig. 3A) . The segregation ratios of early : late fitted to the 1 : 3 ratio (χ 2 = 1.591 and 1.311, respectively). In contrast, the F 2 populations of the ER/Nongbaeg (Fig. 3A) and ER/Dobong crosses (data not shown) showed a continuous but narrow distribution without any transgressive segregants, suggesting that the genotype of the two JT cultivars for major heading time loci was the same as that of ER. Thus, it was found that the two JT cultivars carried the non-functional allele Se1-e or its isoallele at the Se1 locus.
Two F 2 populations of the ER/Milyang 30 ( Fig. 3B ) and ER/Milyang 21 crosses (data not shown) showed the same continuous distribution as that of the populations of the ER/ Nongbaeg and ER/Dobong crosses without any transgressive segregants. In contrast, the F 2 populations of the LR/ Milyang 30 and LR/Milyang 21 crosses showed a bimodal distribution with a number of transgressive segregants (Fig. 3B) . The segregation ratio fitted to the expected ratio of two locus segregation (early : late = 7 : 9, χ 2 = 2.651 and 2.414, respectively). Since the genotypic difference between Fig. 2 . Correlation between the regression coefficient (RC) and photoperiod sensitivity (PS). ER and LR was only observed for the Se1 locus, it appears that the Se1 and another locus (tentatively K) segregated independently of each other. The dominant allele K at the K locus conferred late heading in the F 2 population of the cross with LR. Thus, the TG cultivars differed in the allelic constitution of two loci from LR: the TG cultivars carried a nonfunctional allele at the Se1 locus and the recessive allele k at the K locus.
Sequence analysis of the Se1 allele of the TG cultivars Sequence analysis of the Se1 allele of the TG cultivar 'Milyang 21' was performed. The Se1 allele of 'Milyang 21' harbored single-base substitutions at five sites, a 36bp insertion in exon 1 and a 4-bp deletion in exon 2, compared with the functional allele Se1-n of the cultivar 'Nipponbare' (Fig. 4) . The cultivar 'Gimbozu', which had a functional allele at the Se1 locus, also harbored the 36bp insertion in exon 1 . It is considered that the insertion did not modify appreciably the function of the Se1 locus. On the other hand, the 4-bp deletion was located in the CCT domain that played a role in protein-protein interaction as well as in nuclear localization (Robert et al. 1998) . The deletion caused a frame-shift in the sequence. Thus, the Se1 allele of 'Milyang 21' lost its function, which had been recognized in the previous segregation analysis. It was also found that Se1-e did not harbor the 4-bp deletion. Then we designated this novel non-functional allele with a 4-bp deletion as Se1-k. For the other TG cultivars, the presence or absence of the 4-bp deletion was examined. As a result, all the TG cultivars were found to harbor the deletion (data not shown), indicating that all the TG cultivars carried Se1-k, which eventually suggests that Se1-k played an important role in the development of the TG cultivars.
Identification of chromosome location of the K locus
We attempted to determine the chromosome location of K using the F 2 population of the LR/Milyang 21 cross. We grouped 536 F 2 plants into three genotypes for the Se1 locus with PCR markers specific to Se1-u and Se1-k. A clear-cut segregation of K locus was observed in the Se1-u homozygous group and also in the Se1-uSe1-k heterozygous group, unlike in the Se1-k homozygous group (Fig. 5) . This indicates that the K locus interacted with the Se1 locus: the dominant allele K conferred late heading only when coexisting with the functional allele Se1-u. The segregation ratio in the first two groups fitted to the expected ratio of one locus segregation (early : late = 1 : 3, χ 2 = 1.059 and 0.095, respectively).
Then we conducted a linkage analysis of the K locus using SSR markers in the Se1-u homozygous group. As a result, K was found to be tightly linked to two SSR markers, RM5432 and RM5556, on chromosome 8 with a distance of 1.6 and 1.7 cM, respectively. We designated this novel locus as Lh4 (Late heading-4, dominant allele: Lh4, recessive allele: lh4). For the two SSR markers, all the JT cultivars showed the same genotype as LR, indicating that the JT cultivars carried the dominant allele Lh4, while all the TG cultivars carried the recessive allele lh4 (data not shown). These results suggested that the recessive allele lh4, as well as Se1-k, conferred the unique heading trait of the TG cultivars.
Discussion
The experimental results revealed that all the 'Tongiltype short-culmed (TG) cultivars' displayed a unique combination of BVG period and PS, both of which are important factors for the control of heading time. Tanisaka et al. (1992) demonstrated that Japanese japonica rice cultivars could be divided into three groups, J-1, J-2 and J-3, according to the BVG period and PS: the J-1 group consisted of cultivars chiefly cultivated in the Hokkaido region (42-45°NL) and characterized by extremely early heading, a very low PS and a short BVG period; the J-2 group consisted of cultivars chiefly cultivated in the Tohoku-Hokuriku region (35-42°NL) and characterized by early heading, a low PS and a considerably long BVG period; and the J-3 type group consisted of cultivars chiefly cultivated in the Southwest warm region (30-35°NL) and characterized by late heading, a high PS and a short BVG period. Thus, the latitude of the rice cultivation area required an adequate combination of BVG period and PS. South Korea (33-38°NL), except for Jeju Island, is located of about the same latitude as that of the Tohoku-Hokuriku region in Japan, implying that the photoperiod conditions in South Korea are almost the same as those in the Tohoku-Hokuriku region in Japan. Therefore, we first considered that the TG cultivars might show the same BVG period and PS as the J-2 cultivars. However, almost all the TG cultivars showed a far longer BVG period than the J-2 cultivars, although PS was similar to that of the J-2 cultivars. Such a unique combination of BVG period and PS had never been observed among Korean japonica cultivars or among Japanese japonica cultivars. As described above, the TG cultivars all showed a yield performance about twice as high as that of the former Korean cultivars, which dramatically improved the food situation of South Korea in the 1970s. This suggested that the unique combination of BVG period and PS of the TG cultivars led to good adaptation to the climatic conditions prevailing in South Korea.
The first TG cultivar 'Tong-il' was developed as follows: the F 1 plants from the cross between the early maturing japonica cultivar 'Yukara' and the indica semidwarf cultivar 'Taichung native 1' were crossed with the indica semidwarf cultivar 'IR8'; the F 1 and F 2 populations of the 'IR8//Yukara/Taichung native 1' crosses were grown in an IRRI (International Rice Research Institute) experimental field, and the F 3 lines were tested at the Crop Experiment Station, ORD (Organization for Rural Development), Korea; the resulting F 3 and F 4 were selected at IRRI in winter, and the F 5 lines were selected in Suwon, Korea in summer. Such an alternate selection procedure using two locations (IRRI in winter, Suwon in summer) was continued until the F 11 generation, and finally the most promising line was released as cultivar 'Tong-il' in 1971 (Chung and Heu 1991) . IRRI (14°NL) and Suwon (37°NL) differ considerably in latitude, and eventually in the photoperiodic conditions. Such an alternate selection procedure involving changes in the locations produced a cultivar with the unique combination of BVG period and PS, probably responsible for the conferring wide adaptability of the TG cultivars.
Genetic analysis revealed that the unique combination of BVG period and PS in the TG cultivars was due to the non-functional allele Se1-k and the recessive allele lh4, respectively. Based on a series of genetic analyses of heading time of the Japanese cultivars, we disclosed a key allelic constitution of the four major heading time loci, Se1, Ef1, E1 and Se9, in each cultivation area in Japan (Okumoto et al 1991 , 1992a , 1992b , 1996 , Ichitani et al. 1997 . Among the loci, Se1 was found to be a key locus for the differentiation of the J-2 cultivars from the J-3 cultivars. Formerly, the Se1 locus was known to be a photoperiod sensitivity locus with a striking effect. This locus had three known alleles, Se1-u, Se1-n and Se1-e: the first two were functional alleles that accelerate heading under a short photoperiod and delay flowering under a long photoperiod, while the third was a non-functional allele (Yokoo and Kikuchi 1978) . According to Yano et al. (2000) , Se1-n is an ortholog of the CONSTANS (CO) gene of Arabidopsis thaliana, which acts as a transcriptional factor in the photoperiod pathway and encodes a putative DNA-binding protein containing two zinc finger domains in the N-terminal region and one CCT domain in the C-terminal region (Putterill et al. 1995) . The CCT domain showed at least two functions: a role in protein-protein interaction and nuclear localization (Robert et al. 1998 , Robson et al. 2001 . It was found that Se1-k harbored a 4-bp deletion in the CCT domain in exon 2, suggesting that the low PS of the TG cultivars was caused by Se1-k with the critical change of the CCT domain structure.
The experimental results clearly demonstrated that the Lh4 locus interacted with the Se1 locus: the dominant allele Lh4 functioned as a late heading time gene only when coexisting with the functional allele Se1-u at the Se1 locus. On the other hand, all the TG cultivars carried Se1-k and lh4 and showed a long BVG period. All the Korean and Japanese japonica cultivars carrying Se1-e and Lh4 failed to show a long BVG period. Although we could not detemine whether lh4 conferred a long BVG period by itself or not, our results at least indicated that the allelic constitution of Se1-k and lh4 conferred a long BVG period. Whether the long BVG period of the TG cultivars was caused by the interaction between Se1-k and lh4 should be determined in the future.
The estimated location of the Lh4 locus was almost consistent with that of the Hd5 locus, which was detected as a QTL for heading time in the F 2 population of the Nipponbare/ Kasalath cross (Yano et al. 1997) . Lin et al. (2003) reported that a functional allele at the Hd5 locus acted as a photoperiod sensitivity gene upstream or downstream of the Se1 locus, and required the coexistence of the functional Se1 allele to delay heading under a long photoperiod. In our study, Lh4 functioned as a photoperiod sensitivity gene under natural photoperiod. Therefore, Lh4 may be the same locus as Hd5.
The Ef1 locus controlled the BVG period: the functional allele Ef1 reduced the BVG period, unlike its recessive allele ef1, thereby conferring an extremely long BVG period (Yokoo and Kikuchi 1982 , Tsai 1986 , Sato et al. 1988 . The F 2 populations from the crosses between the TG cultivars and ER (carrying Ef1) did not show the Ef1 locus segregation, indicating that the TG cultivars did not carry ef1. Therefore, the long BVG period of the TG cultivars was not due to ef1. Okumoto et al. (1992a) reported that the J-2 cultivars suitable for the Tohoku-Hokuriku region carried the nonfunctional allele Se1-e at the Se1 locus. During the breeding process of the TG cultivars, the non-functional allele Se1-e could have been introduced into some of the TG cultivars because 'Yukara' carries Se1-e. Nevertheless, all the TG cultivars carried Se1-k but not Se1-e, which indicates that the allelic constitution of Se1-e and lh4 did not confer a long BVG period. Therefore, the allelic constitution of Se1-k and lh4 is considered to be an essential factor for the development of the TG cultivars with a unique combination of a long BVG period and low PS.
